N . W. SCOTT AND C. S. DOW 0.1 mM-EDTA; 0.1 mM-dithiothreitol; 5%, w/v, glycerol) (Burgess & Jendrisak, 1975) , suspended in TGED supplemented with 1 M-NaCl or with 0-01 M-M~CI, (Burgess buffer A; Burgess, 1969) and then drop-frozen in liquid nitrogen. The cells were stored either at -20 "C or at -70 "C until required. Cells were suspended in TES/sucrose buffer (50 mM-Tris/HCl; 50 mM-EDTA; 50 mM-NaCl; pH 8.0; 25%, w/v, sucrose) for DNA extractions.
Bacteriophage T7D111 was obtained from M. Chamberlin, University of California, Berkeley, Calif., USA.
Escherichia coli C (Warwick) was grown to an OD600 of 0.5 in nutrient broth (Oxoid) + 0.1 % (w/v) glucose and infected with T7D111 (m.0.i. of 1 bacteriophage to 10 bacteria). Incubation was continued until lysis occurred. After centrifugation (SOOOg, 10 min) to remove cell debris, bacteriophage were concentrated by PEG 6000 precipitation. Finally, the bacteriophage were purified using a CsCl gradient, dialysed against TE buffer (10 mMTris/HCl; 1 mM-EDTA; pH 7.5) and stored frozen at -20 "C (McDonell et a!., 1977) . Isolation ofDNAfor use as templates in transcription studies. DNA from bacteriophage T7D111 was prepared as described by Hinkle & Chamberlin (1972) . For R. vannielii the DNA extraction method was based on that of Marmur (1961) with the following modifications. Cells in TES/sucrose (25%, w/v) buffer were lysed by a single passage through a French pressure cell followed by incubation with 10 mg lysozyme ml-l (37 "C, 10 min) and subsequent addition of EDTA (250mM) and SDS (2%, w/v) . The DNA was deproteinized using phenol/chloroform/isoamyl alcohol (25 : 24 : 1 , by vol.). After centrifugation (SO00 g, 20 min) the aqueous phase was removed, and to this was added 0.1 vol. 3 M-sodium acetate and 2 vols ethanol to precipitate the DNA (1 h, -20 "C). The DNA was spooled from the mixture and dissolved in TE buffer, deproteinized and precipitated as above. At this stage, the DNA solution was treated with ribonuclease A (5 pg ml-l , 37 "C, 1 h). The DNA solution was then deproteinized and precipitated twice more. The precipitate was stored in ethanol at -20 "C until required. For transcription assays the DNA was dissolved in chromosomal assay buffer (40 mM-Tris/HCl pH 7.9; 10 m~-MgCl,; 0.1 mM-EDTA; 0.1 mM-dithiothreitol; 40 mM-KC1) and dialysed against a 500-fold excess of the same buffer. Electrophoresis and isoelectric focussing. (i) One-dimensional PAGE. The system used in this study was based on that of Laemmli (1970) . Routinely 7.5 to 10% (w/v) acrylamide exponential gradient gels were used; they contained 0.1 % (w/v) SDS. Gels for the analysis of column fractions were run for 6 h at 20 mA constant current and stained with Coomassie brilliant blue G. Other gels were routinely run for 17 to 20 h (10 mA constant current) and stained with silver nitrate (Wray et al., 1981) .
(ii) Two-dimensional PAGE (non-denatwing gel system). Non-denaturing rod gels (2 x 130 mm) were used for the first dimension and SDS/urea gels for the second dimension. The non-denaturing gels were made up as for Laemmli gels (4 or 5%, w/v, acrylamide) but without SDS. RNA polymerase fractions (1 to 20 pg) were loaded onto the first dimension in TGED storage buffer, either with or without Coomassie brilliant blue G. Electrophoresis was done for 17 h at 0-5 mA (constant current). After electrophoresis the rods were either frozen for storage, or sealed onto the second-dimension gel with agarose after being soaked in equilibration buffer (O'Farrell, 1975) . The second-dimension gels (lo%, w/v, acrylamide) were as above except that 4 M-urea was included in the stacking and running gels. Electrophoresis was for 24 h at 10 mA (constant current) after which the gels were stained with silver nitrate (Wray et al., 1981) .
The urea was included in the second-dimension gel to reduce the likelihood of obtaining subunit dimers. This was done because evidence from our laboratory (U. Swoboda, personal communication) suggested that presoaking in O'Farrell(1975) equilibration buffer containing 2.3 % (w/v) SDS and 5 % (v/v) 2-mercaptoethanol did not give complete denaturation of complex protein structures. As the protein patterns obtained with the urea gels were the same as those obtained for one-dimensional Laemmli gels, where the extract was boiled for 5 min in sample buffer containing SDS (1 %, w/v) and 2-mercaptoethanol(5%, v/v), we believe that this problem was to a large extent overcome.
(iii) Zsoelectric focussing (ZEF). For the first dimension, IEF was done by the method of O'Farrell (1975) . The second dimension was a 10 to 30% acrylamide gradient gel containing 0.1 % (w/v) SDS. The gels were run (10 mA constant current) until the front was 1 cm from the bottom of the gel, fixed with 50% (v/v) methanol, either stained with silver nitrate (Wray et al., 1981) or treated with Amplify (Amersham), dried and fluorographed at -70 "C for 1 month. To obtain 35S-labelled total soluble protein, R. vunnieiii cultures were incubated with [35S]methionine (1 pCi rnl-l, 37 kBq ml-l; > 800 Ci mmol-I, > 30 TBq mmol-l) for 3 h and prepared as described by OFarrell
(1 975). Transcription assays and rifampicin sensitivity. When assaying highly purified enzyme the assay conditions were based upon those of Jaehning et al. (1979) except that ribonucleoside triphosphates (ATP, CTP, GTP) were at 1 mM and [3H]UTP was 0.5 mM (20 pCi mol-l, 0.74 MBq mol-l). Maximum activity was obtained if the enzyme was added to the assay tube first (at 4 "C) and subsequently diluted with the other components (Gonzalez et al., 1977) . With these conditions a unit of activity was defined as the amount of enzyme required to incorporate 1 nmol UMP into acid-insoluble material in 10 min.
To assay rifampicin sensitivity the inhibitor was added to the mixture as 1 p1 of a solution in 50% (v/v) ethanol. The components were mixed on ice and the DNA was added last to prevent possible formation of pre-initiation complexes. The assay mixture was incubated at 30 "C for 30 min. The reaction was stopped by the addition of 5 ml ice-cold 5% (w/v) TCA. After 15 rnin the precipitates were filtered onto Whatman GF/C filters, washed three times with TCA (3 ml), twice with absolute ethanol (3 ml) and dried. Radioactivity was measured in a Packard Tri-carb scintillation counter in Beckman MP scintillation fluid.
Promoter selection studies. For the formation of rapid initiation complexes (Wiggs et al., 1979) holoenzyme was first diluted with the assay buffer and then incubated for 10 min with DNA ( R . vannielii, calf thymus or T7D111) at 0, 30 or 37°C. RNA synthesis was initiated by the addition of the ribonucleoside triphosphates, including
[35S]ATPaS (adenosine 5'-ar-[35S]thiotriphosphate) (10 pCi ml-l, 370 kBq ml-1 ; 1201 Ci mmol-I, 44.3 TBq mmol-l) (NEN), together with rifampicin (10 pg ml-I), and transfer, where applicable, to the incubation temperature. The incubation was continued for 20 rnin and stopped by the addition of 5 ml ice-cold 5% (w/v) TCA. After 15 min the precipitates were filtered onto Whatman GF/C filters. The filters were washed and the radioactivity counted as described for the assay of rifampicin sensitivity.
Isolation of RNA polymerase. All procedures were done at 4 "C. Cells from a heterogeneous culture (40 g wet weight) suspended in TGED + 1 M-NaCI(150 ml) were disrupted by three passages through a French pressure cell (173 MPa). The proteinase inhibitor phenylmethylsulphonyl fluoride (Sigma) (23 pg ml-l) was added to the suspension directly after breakage. Cell debris and ribosomes were removed by centrifugation (lOOOOOg, 1.5 h). The enzyme was partially purified from this supernatant by a series of ammonium sulphate precipitations as used by Burgess (1969) for the extraction of the enzyme from E. coli. In the first instance, the suspension was adjusted to 33 % saturation by the addition of solid ammonium sulphate. The resulting precipitate was removed by centrifugation (5000g, 30 rnin); the supernatant was adjusted to 50% saturation by the further addition of solid ammonium sulphate. After centrifugation (5000 g, 30 min) the pellet containing RNA polymerase was resuspended in TGED + 1 M-NaCl buffer containing ammonium sulphate at 42% saturation. The enzyme remained in the insoluble fraction and was pelleted by centrifugation (SOOOg, 30 min). The pellet was again suspended in TGED + 1 M-NaCl containing ammonium sulphate at 42% saturation. After centrifugation this final pellet was dissolved in 5 ml TGED buffer and then loaded onto a Bio-Gel AS column (Bio-rad) (25 x 2 cm) equilibrated with TGED + 0.5 M-NaCl. The column was eluted with the same buffer with a flow rate of 20 ml h-l.
Fractions were collected and those with a significant Azso (measured by Uvicord) were analysed for protein content by onedimensional PAGE. Visual inspection of the Coomassie-blue-stained gels allowed the fractions containing beta subunits of RNA polymerase to be identified. These fractions were pooled (40ml) and precipitated by the addition of ammonium sulphate (to 50% saturation). The precipitate was dissolved in TGED buffer such that the conductivity of the solution was equal to that of TGED containing 0.15 M-NaCl. This was loaded, at a flow rate of 12 ml h-', onto a calf thymus DNA-cellulose column (20 x 1 cm), prepared by the method of Alberts & Herrick (1971) , that had been washed with TGED + 1.5 M-NaCl and then equilibrated with TGED + 0.15 M-NaCl. The column was washed with 50 ml TGED + 0.15 M-NaCl. The bound proteins were eluted with a linear salt gradient (60 ml TGED + 0.15 to 1.5 M-NaCl). Fractions (3 ml) were collected and analysed by onedimensional PAGE. Fractions containing the enzyme were pooled, excluding those which contained a major contaminating protein of M, 110000. Pooled fractions were diluted with TGED such that the conductivity of the solution was equal to that of TGED buffer containing 0.1 1 M-NaCl. This sample was loaded onto a preequilibrated (TGED + 0-1 1 M-NaC1) DEAE-Sephadex column (Sigma) (10 x 1 cm, flow rate 12 ml h-l). The column was washed with 30 ml TGED + 0-1 1 M-NaC1. The bound enzyme was eluted with a linear salt gradient (80 ml TGED + 0.1 1 to 1.0 M-NaCl). Fractions (2 ml) were collected and the enzyme containing fractions were identified by PAGE. Those containing the enzyme of the highest purity were pooled, dialysed into storage buffer and stored at -20 "C.
R E S U L T S AND DISCUSSION

IdentiJication of the holoenzyme
The aim of this study was to identify the major components of DNA-dependent RNA polymerase. Purification procedures based on the methods of Burgess (1969 ), Sternbach et al. (1975 , the mini-prep scheme of Gross et al. (1976) and the use of a sucrose density gradient (Taylor & Dow, 1980) allowed the identification of proteins of the correct M, to be core subunits. It was not clear, however, which other proteins in the extracts were core-associated. To establish the identity of these subunits we partially purified RNA polymerase from a heterogeneous culture of R. vannielii. For this experiment, cells (10 g wet weight) suspended in Burgess buffer A (Burgess, 1969) were lysed by passage through a French pressure cell (137 MPa). RNA polymerase was partially purified from the cell lysate using a series of ammonium sulphate precipitations, as described in Methods, directly followed by DNA-cellulose chromatography. Eluate fractions were assayed for RNA polymerase activity using the method of Burgess (1969) , and those containing enzyme were pooled, precipitated with ammonium sulphate (50% saturation), resuspended in TGED + 0.1 M-NaCl and dialysed against storage buffer [TGED (50%, w/v, glycerol) + 0-1 hi-NaCl]. The protein content of this extract was analysed by twodimensional PAGE, a non-denaturing gel in the first dimension and denaturing gel in the second dimension. With this two-dimensional gel system it was assumed that the RNA polymerase subunits would stay associated in the first dimension, while other proteins, having different charges and M, values, should have different mobilities in the gel. The core subunits (beta, beta prime and alpha) were identified as the most abundant proteins in the fraction by seconddimension urea/SDS PAGE (Fig. l) , and from their M , values, which were similar to those of subunits from other organisms (see below). It was clear that the core subunits remained associated during electrophoresis in the first dimension, and that there were two proteins ( M , 98 000 and 78 000) that had similar mobilities, suggesting that these proteins were physically associated with the core. The two other major proteins in the extract ( M , 110000 and 68000) did not co-migrate with the core.
As a consequence of this gel analysis we have developed a purification system to isolate RNA polymerase containing the M , 98 000 protein free of contamination with the M, 110000 protein.
The isolated enzyme was found to display the transcription properties of a holoenzyme.
PuriJication of holoenzyme
Cell breakage and ammonium sulphate precipitations. In preliminary attempts to isolate RN A polymerase, recovery of the M, 98 000 protein was poor; however, the inclusion of 1 M-NaCl in the buffer was found to increase the relative amount of this protein recovered. This was an important effect as it suggested that the M , 98 000 protein was a sigma factor. It has been shown previously for other organisms that high salt concentrations reverse the DNA-binding properties of sigma subunits and the sigma-induced affinity of core for DNA . DNAase treatment was not used, since this has been reported to introduce proteases (Burgess & Jendrisak, 1975) .
Bwgel-A5 chromatography. The two proteins of M, 110000 and 68000 co-purified with the RNA polymerase, but the Biogel-A5 step reduced the amounts of these two proteins that carried through to the later stages of the purification. This step also permitted a decrease in the total amount of protein loaded onto the DNA-cellulose column. All of the enzyme applied to the Biogel-A5 column was recovered in four fractions, as judged by the recovery of beta and beta prime at approximately 1-8 times the void volume (Fig. 2) . A Uvicord scan (Azso) indicated that these fractions contained only 50% of the protein loaded onto the column, so this step brought about a doubling in purity (data not shown). The four fractions containing the enzyme were pooled, diluted and applied to a DNA-cellulose column.
DNA-cellulose chromatography. PAGE analysis indicated that RNA polymerase eluted from the DNA-cellulose column in fractions 16 to 30, between 0-5 and 0.75 M-NaCl (Fig. 3a, b) . At this stage the enzyme extract still contained several other proteins (Fig. 3b) . These were either removed or their levels were reduced in the subsequent stage. Fractions 21 to 30 were pooled and subjected to DEAE-Sephadex chromatography. The other fractions containing enzyme were discarded, since PAGE showed them to contain residual amounts of the M,llOOOO and 68000 proteins (l(t20% of the enzyme). (Fig. 4) showed that the enzyme eluted in four fractions from this column (between 0-2 and 0.4 M-NaCl), with an overall recovery close to 100%. (Lotz et al., 1981) and alterations in enzyme activity with the various templates used for assays. Properties of the holoenzyme Subunit composition and comparison with E. coli enzyme. The putative holoenzyme contained four major subunits (p, p', a, M, 98000) (Fig. 4) and subsequent use of the more sensitive silver nitrate stain (Wray et al., 198 1) indicated that a minor amount of the M, 78 000 protein was also present in the extract.
DEAE-Sephadex chromatography. PAGE analysis
The approximate M, values of the subunits were established from one-dimensional SDS-PAGE by comparison with protein standards of known M, and with E. coli enzyme subunits (Burgess, 1976; Ovchinnikov et al., 1981 ; Regensburger & Hennecke, 1983) . IEF was also used to analyse subunit composition; purified holoenzyme was electrophoresed alone (Fig. 5 a) and with [ 35S]methionine-labelled total soluble protein from a heterogeneous culture (Fig. 5 b, c) . From the one-dimensional gel system (data not shown) the M, of the R. vannielii alpha subunit was apparently 38000 and alpha subunit isolated from E. coli was apparently 40000. As the true M, of E. coli alpha subunit has been calculated from sequence data to be 36 512 (Ovchinnikov et al., 1977) the value for the R. vannielii subunit may be an overestimate. The second-dimension gel of the IEF analysis showed that the alpha subunit had several forms with different isoelectric pH values (Fig. 5a) . However, only one form of the protein was detected on the fluorograph (Fig. 5c) .
As the beta and beta-prime subunits had very similar M, values, between 150000 and 160000, it was difficult to separate these two subunits by PAGE (Fig. 4) ; however, they did have slightly different mobilities (see Fig. 3 ). For E. coli it has been found that beta prime does not enter O'Farrell IEF gels but remains at the basic end (Hayward 8z Fyfe, 1978) and the largest subunit in the R. trannielii holoenzyme behaved similarly (Fig. 5) . We therefore propose that this subunit is beta prime and the smaller subunit beta.
As the M, 98000 protein was both abundant and core-associated it was believed to be a sigma factor. This was supported by the observations, discussed below, of the transcription properties of the enzyme extract containing the M, 98000 protein.
The M, of the 98000 protein was calculated from PAGE. Although this subunit was larger than the E. coli sigma subunit, it was of similar size to those from a wide range of other organisms (Burgess, 1976) . This protein did not form a discrete band on one-dimensional gels (Fig. 4) but was either diffuse or in a doublet form. There have been reports of similar behaviour for the E. coli sigma factor (Friesen ef al., 1976; Hayward 8z Fyfe, 1978). However, IEF again pointed to multiple forms of the M , 98000 protein, as two spots were clearly visible on silver-stained gels (Fig. 5 a) . No spot was visible in the M, 98 000 position of the fluorograph after initial exposure (Fig. 5 c) , perhaps because the low concentration of NaCl in the breakage buffer was not optimal for recovery of this protein, but longer exposure allowed the detection of a protein in this posit ion. One-dimensional and two-dimensional PAGE analysis indicated the presence of a small amount of the M , 78 000 protein in the holoenzyme extract. The identity of this protein was not established; however, one possibility that must be considered is that the pretreatments used for sample denaturation did not totally dissociate the alpha subunit dimers. Further analysis is required to establish whether M, 78000 is a unique protein or a form of the alpha dimer, which apparently is stable in quite powerful denaturation conditions. For one-dimensional PAGE, samples were heated at 100 "C for 5 min in the presence of 1 % (w/v) SDS and 5% (v/v) 2-mercaptoethanol, and for the IEF two-dimensional analysis, proteins were denatured by 9 Murea for the first dimension and the rod gels were subsequently soaked in buffer containing 2.3 % (w/v) SDS and 5% (v/v) 2-mercaptoethanol. This buffer was also used to soak the nondenaturing rod gels prior to electrophoresis in the second dimension for which gels containing 0.1 % (w/v) SDS and 4 M-urea were used.
Fukuda et al. (1977) showed that RNA polymerases isolated from a wide range of organisms cross-reacted with anti-,!?. coli holopolymerase serum. We have raised anti-serum against R. vannielii holoenzyme, and with an Ouchterlony immunodiffusion system (Ouchterlony, 1958) it was found that this antibody cross-reacted with E. coli RNA polymerase (from Sigma), an indication that these two enzymes were also related antigenically (data not shown).
Transcription properties of the holoenzyme Templatepreference. The enzyme used T7D111 and calf thymus DNA as templates with equal efficiency, but R. vannielii DNA was a relatively poor template; efficiency, as compared to T7Dll1, varied between 10 and 50% (Table 1) . A similar transcription pattern has been reported for C. crescentus (Amemiya et al., 1977) . It was not clear whether this effect was due to the R. vannielii DNA being damaged during purification, or whether other protein factors were required for efficient transcription. With the basic assay, transcription rates were linear for at least 30 min and the rate doubled if the amount of protein in the assay was doubled, indicating that the extract was free of transcription inhibitors. Assays were more efficient at 37 "C than at 30 "C, but no difference was found for the pre-binding assays.
Formation of pre-initiation complexes. The purified enzyme displayed the properties of a holoenzyme (Wiggs et al., 1979) in that it was able to form rifampicin-resistant pre-initiation complexes with three DNA templates. The efficiency of complex formation was template specific (Table 1) . In this assay, prior to transcription initiation, purified enzyme was incubated in the presence of DNA at either 0,30 or 37 "C. At the higher temperatures, enzyme was able to bind specifically to promoters to form rifampicin-resistant complexes, so that RNA synthesis was not inhibited by the addition of antibiotic at transcription initiation. At the lower temperature, however, complex formation was greatly reduced and rifampicin was able to inhibit RNA synthesis. Rifampicin sensitivity. As it has been reported that the in vivo sensitivity of R. vannielii to rifampicin varies during the cell cycle (between 1 and 40 pg ml-l; Whittenbury & Dow, 1977 ; N. W. Scott & C. S. Dow, unpublished data), the inhibitory effect of this antibiotic on holoenzyme was investigated in vitro. The purified enzyme was very sensitive: with T7Dlll DNA and DNA extracted from R . vannielii, 50% inhibition was achieved with approximately 5 ng rifampicin ml-l (Fig. 6 ).
Concluding remarks
It is clear from the data presented here that the major form of RNA polymerase in R. vannielii is similar in many respects to the enzymes of other Gram-negative bacteria. The M , values of the subunits were similar to those of E. coli except for the sigma factor, M , 98000, which was significantly larger. This preliminary investigation, however, leaves many unanswered questions. For instance, why do sigma and alpha subunits appear to be doublets? Are any of the subunits phosphorylated, as is the case in E. coli (Enami & Ishihama, 1984) ? What is the function of the M, 78 000 protein? Why is R. vannielii DNA such a poor template for the enzyme as compared with T7 DNA?
We do not yet know whether enzymes isolated from different cell types have different transcription properties; if they do, this could be due either to changes in the core-associated proteins or to subunit modification. There is some evidence for changes in subunit composition of the RNA polymerase, but it is not known how these would affect protein synthesis (Dow et al., 1985) . This work was supported by a grant from the Science and Engineering Research Council.
